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The morphology and geophysical signature of the Interior Layered Deposits (ILDs) 
within the Valles Marineris troughs on Mars suggest that the deposits were previously more 
extensive and have subsequently eroded to their present state. This erosion would have had 
significant geodynamic and tectonic consequences as the lithosphere responded to the resulting 
enormous mass-deficit. It is likely that the flexural uplift due to sediment erosion played a large 
part in the evolution of the canyon system. In this study, I model the topographic and 
gravitational effects of ILD erosion, as well as the resultant stresses that this process would 
generate in the lithosphere. The results show that the flexural response to ILD erosion for elastic 
lithosphere thicknesses of 100-150 km best reproduce the observed gravity and topography of 
the region. The stresses associated with this flexure are large in magnitude and played a role in 
the subsequent regional tectonics. This is evident in the orientations of secondary tectonic 
structures both within the ILDs and on the surrounding plateaus that match the flexural stresses 
modeled here. The consistency between the model predictions and the observed gravity, 
topography, and tectonic record provides evidence that the troughs likely formed sediment-filled, 
with the erosion of those sediments constituting the final major phase in the development of 
Valles Marineris. 
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The Valles Marineris chasmata (Figure 1.1), 10 km-deep canyons spanning ~2000 km in 
length and ~200 km in width, represent the largest canyons in the solar system. The origin and 
evolution of the system has been widely debated since their discovery by Mariner 9 [Blasius et 
al., 1977], and little consensus has been reached. Currently, the main episode of trough 
formation is thought to have occurred during the Early Hesperian [Lucchitta et al., 1994], but 
large numbers of faults and tectonic structures mapped in and around the troughs appear to have 
formed well into the Amazonian [Anderson et al., 2001]. Additionally, the floors of Valles 
Marineris are partially covered with sediments, termed the interior layered deposits (ILD), and 
there is evidence suggesting that these ILDs once filled the entire complex [Roach et al., 2010; 
Murchie et al., 2009]. Clearly, the troughs underwent a complex history of tectonism, 
sedimentation, and erosion. However, the specific sequence of events and associated interplay of 
forces driving their evolution are poorly understood. 
There is a strong bimodal distribution in the scale of tectonic features in the Valles 
Marineris region. The most conspicuous features are the troughs themselves. The chasmata are 
bounded by faults with up to 8 km of offset [Schultz and Lin, 2001], an unprecedented scale, but 
there is an innumerable collection of smaller-scale features with more typical offsets (<1 km) and 
a variety of ages [Witbeck et al., 1991]. Similarly, both small-scale collapse pits and large-scale 
troughs are observed, but the lack of a continuum between these end-members suggests that they 
are the expression of distinct processes. While much Valles Marineris research has focused on 
understanding the large-scale faults and trough formation events, it is necessary to understand 
how all classes of features fit into its origin and evolution. Understanding the trough-forming 
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events is important, and a summary of the strengths and weaknesses of various theories are 
presented here. The rest of this thesis then focuses on the subsequent late-stage tectonic 
evolution of Valles Marineris and its surroundings, and in particular on the tectonic and 
geodynamic response to the erosion of the ILDs. 
The canyons are clearly tectonic in nature, and while suggested formation mechanisms 
generally fall into one of two categories – simple tectonic extension (akin to rifting) [Schultz and 
Lin, 2001] or vertical collapse [e.g. Tanaka and Golombek, 1989; Spencer and Fanale, 1990] – 
these scenarios pose several problems. The vertical collapse model is unlikely since it is difficult 
to generate such a large requisite void space by typical geological processes. Models of simple 
tectonic extension are equally problematic [Schultz, 1998; Andrews-Hanna, 2012c]. Valles 
Marineris is distinct from typical rift zones based on the widespread presence of collapse features 
and the rectangular shape and near-uniform depths of the chasmata, which stand at odds with the 
complex down-dropped graben and rotated tectonic blocks that tend to form in rift zones [Carr, 
1981; Tanaka and Golombek, 1989; Hauber et al., 2010]. Further, rifting cannot account for the 
abrupt terminations seen in the walls of many of the chasmata, such as the west edge of Hebes 
Chasma. Andrews-Hanna [2012a] showed that if the trough walls were simple, low-angle normal 
faults, then these blunt terminations would induce Coulomb failure stresses in the GPa range, far 
beyond the yield strength of ordinary rock. Further, Valles Marineris sits on a broad topographic 
uplift surrounding the canyons, which has been interpreted as a form of rift-flank uplift [Schultz 
and Lin, 2001], but this physiography is at odds with the shape of uplifted flanks predicted by 
more recent normal faulting models with more realistic fault geometries [Andrews-Hanna, 
2012a].  
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Figure 1.1 Topography (a) and free-air gravity anomaly (b) of Valles Marineris. The 
topography is a MOLA (Mars Orbital Laser Altimeter) gridded shaded relief map 
overlain by the MOLA spherical harmonic topography model expanded out to degree 
280. The gravity is the MRO110b spherical harmonic model expanded out to degree 110, 
and evaluated with the J2 term reduced by 95%. The gray line cutting through the troughs 
indicates the location of the gravity and topography profiles in Figure 2.2. 	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The gravitational signature of Valles Marineris is dominated by a differential free-air 
gravity anomaly of about 800-900 mGal (Figure 1.1). This remarkably large gravity anomaly 
further differentiates Valles Marineris from typical rift zones, and indicates that the topography 
is dominantly supported by flexural stresses in the lithosphere. Comparing the differential free-
air gravity anomaly at Valles Marineris to that of the Lake Baikal and Red Sea rifts on Earth, 
which span about 100 mGal (Figure 1.2), reveals a large discrepancy in the geophysical 
signatures of these terrestrial and Martian features. This discrepancy can be better interpreted by 
looking at the ratio between the gravity and the topography. This ratio can be analyzed as a 
function of wavelength in either the spherical harmonic or spatial domain [Phillips and Malin, 
1984]. For a simple trough such as Valles Marineris, though, the ratio between the gravity and 
the topography measured relative to the surroundings is more appropriate. One would expect a 
gravity to topography ratio close to 0 for topography that is fully compensated by Airy isostasy, 
while values for uncompensated topography should approach 2πρG for long-wavelength 
features, or 0.12 mGal/m for a density of 2900 kg/m3. The Red Sea and Baikal rifts yield low 
values of 0.03 and 0.04 mGal/m, respectively, suggesting a high degree of compensation. This is 
consistent with the work of Karner et al. [2005], which showed that large-scale tectonic 
provinces, like rift valleys, form in a state of approximate vertical isostasy. In contrast, the 
gravity to topography ratio of 0.11 mGal/m for Valles Marineris indicates that it is nearly fully 
uncompensated.  
Irrespective of the formation mechanism, the striking gravitational signature of the 
troughs has significant implications for the subsequent geodynamic evolution. The large negative 
gravity anomalies are most simply explained if the troughs formed in a state of approximate 
isostasy with a thick sediment fill that was subsequently eroded [Andrews-Hanna, 2012c]. 
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Recent research has supported the interpretation that the ILDs are remnants of previously more 
extensive deposits (references), and so such an erosional event is likely.  
	  
Figure 1.2 Topography (a) and free-air gravity anomaly (b) of the Red Sea rift, and 
topography (c) and free-air gravity anomaly (d) of the Lake Baikal rift. The topography 
was derived from NOAA’s ETOPO1 global relief model, and the free air gravity was 
calculated from the GL04C GRACE spherical harmonic model expanded out to degree 
207, with the J2 term set equal to zero.	  
 
Spectral data from both the Compact Reconnaissance Imaging Spectrometer (CRISM) 
and the Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activite (OMEGA) show a link 
between the layers of hematite, ferric oxides, and hydrated sulfates that make up the ILDs and 
the deposits at both Meridiani Planum and the Chaos Terrain outside the troughs [Murchie et al., 
2009; Roach et al., 2010]. This stratigraphic correlation suggests a common origin, likely as 
evaporite cemented Aeolian deposits in a playa-like environment [Murchie et al., 2009]. It 
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therefore follows that the present day ILDs would likely have been more extensive [Roach et al., 
2010]. This latter point is further validated by the hydrological modeling done by Murchie et al. 
[2009], which showed that the aqueous processes inferred to have formed the ILDs would have 
produced layered deposits several kilometers thick throughout the entire trough complex. 
The removal of such a large mass of material represents a significant upward load on the 
lithosphere, which would drive flexural uplift. Simply put, the erosion of these sediments and 
associated flexure could explain the remarkably large gravity anomalies and subtle topographic 
dome around the Valles Marineris. This unloading and flexural uplift would have also generated 
large stresses in the lithosphere, which could have played a prominent role in the late-stage 
tectonism in and around the troughs. 
In this thesis, I model the flexure associated with ILD erosion and show that much of the 
observed gravity and topography surrounding the troughs can be explained by that lithospheric 
flexure. Additionally, I calculate the stresses induced by this flexure and show that the modeled 
stresses accurately predict the presence and orientation of tectonic structures both outside the 
troughs and within the ILDs. Taken together, the regional gravity and topography, the 
morphology and relief of the ILDs, and the tectonic record of late-stage faulting, suggest that the 
troughs were, indeed, filled with sediments that were subsequently eroded away, and that this 
erosion caused widespread faulting in the plateau around the troughs as well as in the ILDs 
themselves.  




The second chapter of this thesis focuses on the flexural uplift and associated free-air 
gravity anomaly that forms as a result of sediment erosion. 
 
2.1 Flexure Model 
To begin, I modeled the flexure that would occur due to sediment erosion using a thin-
shell elastic lithosphere loading model [Johnson et al., 2000; Turcotte and Willeman, 1981]. This 
model uses the elastic shell deformation equations developed by Kraus [1967] to solve for the 
deflection, wlm, of a thin shell when a load, qlm, is applied to it. All of the modeling is done in the 
spherical harmonic domain, and the subscripts lm indicate the degree l, order m spherical 
harmonic coefficient for the given quantity (see Appendix for an explanation of spherical 
harmonic expansions). 
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(2.2) 
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(2.4) 
The definitions and values of all parameters in equations (2.1) – (2.4) are given in Table 2.1. 
To estimate the thickness of the erosional load (i.e. the thickness of sediments removed 
from the canyons), I interpolated the elevation of the surrounding terrain across the top of the 
canyons, and then subtracted the elevation of the current interior topography from this 
interpolated surface. Using this methodology I calculated a void volume of 5.02×106 km3, 
consistent with previous studies [Lucchitta et al., 1994; Beuthe et al., 2012]. The density of the 
sediments was assumed to be 2500 kg/m3 in order to represent a homogeneous mixture of basalt 
and kieserite [Roach et al, 2010] with 10% porosity. The parameters, σ and τ, in equation (2.2) 
are most sensitive to the elastic lithosphere thickness, which is a poorly constrained quantity. 
Previous estimates of this parameter at Valles Marineris range between ~50 km [McKenzie et al., 
2002] and 60-200 km [McGovern et al., 2002; 2004], so here models for three representative 
values – 50, 100, and 150 km – were run. 
 
        Table 2.1 Flexure model parameters 
Parameter Value 
ρsed Sediment density 2.5 g/cc 
ρm Mantle density 3.5 g/cc 
Δρ Density contrast of restoring stresses Equal to ρm 
l Spherical harmonic degree 130* 
€ 
ρ  Bulk mean density of the planet 3.94 g/cc 
ν Poisson’s ratio 0.25 
E Young’s modulus 1011 N/m2 
Te Elastic lithosphere thickness 50, 100, 150 km 
Rp Mean planetary radius 3389.5 km 
g Gravitational acceleration at the surface 3.72 m/s2 
        *130 represents the maximum spherical harmonic degree used in the expansion. 
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2.2 Gravity Model 
A distinct gravitational anomaly is produced by the flexure since both the surface and the 
crust-mantle boundary are uplifted in response to the mass deficit caused by sediment erosion. 
Wieczorek and Phillips [1998] showed that the gravitational potential at a distance r from the 
center of mass of the planet due to finite amplitude relief along a density interface at radius R can 








M is the mass of Mars, Δρ is the density contrast, and Hlm are the spherical harmonic coefficients 
of the topography. 
The total gravity anomaly is a result of the relief along the deflected crust-mantle 
boundary and the deflected surface topography (including the void space left by the erosion). 
Thus, the total gravity anomaly at the surface can be found by applying equations (2.5) and (2.6) 
to each of these interfaces and summing them. The parameters applied to each interface are given 
in Table 2.2. 
 
Table 2.2 Gravity model parameters 
Interface Density contrast Δρ Reference Radius R 
Crust-mantle uplift ρmantle-ρcrust = 0.6 g/cc 3339.5 km 
Surface uplift ρcrust = 2.9 g/cc 3389.5 km 
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2.3 Results 
The flexure model results (Figure 2.1a, c, and e) predict two main regions of flexural 
uplift – a primary region in the center of the trough complex (beneath Ophir, Candor, and Melas 
Chasmata) and a secondary region at the eastern periphery (beneath Eos and Capri Chasmata). A 
maximum flexural uplift of ~3.5 km is predicted by the model with a 50 km thick lithosphere, 
while the 100 and 150 km thick lithospheres predict maximum uplifts of 2.2 and 1.5 km, 
respectively. A third, subtle region of uplift west of Melas Chasma, between Tithonium Chasma 
and Noctis Labyrinthus is also predicted, but the relative magnitude of the uplift in this region is 
negligible. 
To the first order, the predicted flexural topography is well correlated with the 
topographic bulge in the observed topography surrounding the central troughs. Topographic 
profiles across the troughs reveal a broad dome encompassing Hebes, Ophir, Candor, and central 
Melas chasmata, rising to a height of ~1.4-2.2 km above the plateau to the south. On the southern 
trough flank, the height of the dome and its lateral extent agree best with the 100 and 150 km 
model cases (Figure 2.2a). The northern trough flanks, however, are not well fit by any of the 
topographic profiles. The difficulty here is that the topography drops as the profiles cross over 
the buried dichotomy boundary [Andrews-Hanna et al., 2008], so that the more subtle change in 
topography due to flexural uplift is obscured. 
The highest point around Valles Marineris is the plateau separating the eastern half of 
Candor Chasma from Melas and Coprates Chasmata. This plateau juts directly into the region of 
maximum uplift predicted by the models, suggesting that this high topography relative to the 
surrounding plateau may be explained in part by flexural uplift.  
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Figure 2.1 Flexural response due to sediment unloading (a, c, and e) and associated free-
air gravity anomaly (b, d, and f) for three different values of elastic lithosphere thickness. 
 
The predicted free-air gravity anomalies arising from the combination of erosion and 
flexural uplift include a large negative anomaly over the interior of the troughs, and a 
circumferential ring of positive anomalies along the exterior (Figure 2.1b, d, and f). The 
magnitude of the gravity high predicted around the central trough matches the observed gravity 
closely, while the predicted gravity anomalies within the troughs are roughly 100-200 mGal 
lower in magnitude than the observed values (Figure 2.2b). This latter discrepancy is within the 
error of the assumed sediment density value, but it is important to note that this predicted gravity 
anomaly only takes into account the anomalies arising from the sediment erosion and flexural 
uplift, and does not consider the subsurface structure of the troughs. McGovern et al. 
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[2002;2004] suggested that dense intrusions within the crust beneath the troughs act to reduce the 
observed negative gravity anomaly. Nevertheless, the match in the distribution of the gravity 
anomaly between the observations and model predictions provides strong evidence of flexural 
uplift. 
 Although I have interpreted the gravity and topography in the context of a model of the 
erosion of trough-filling ILDs, the fact that Valles Marineris is an enormous mass deficit with a 
strongly negative gravity anomaly requires that it exists as an upward load on the lithosphere, 
irrespective of the specific sequence of tectonism, sedimentation, and erosion. Whether that 
flexure occurred as an immediate result of trough formation or a delayed result of later sediment 
erosion, however, is a matter of timing. The predicted flexural uplift and resulting gravity and 
topography for the scenario of trough formation in a sediment-free state would be identical to 
those predicted for the scenario described above of the formation of sediment-filled troughs 
followed by erosion of those sediments.  However, the formation of the troughs in a sediment-
free state is difficult to justify from a tectonic and geodynamic perspective given the observed 
gravity, as discussed earlier.  Furthermore, as shown in the next section, the tectonic record 
preserved in the ILDs supports the latter case of sediment-filled trough formation and later 
erosion. In the next section, I examine the stresses that would have resulted from this flexural 
uplift, and the consequences for the tectonic evolution of Valles Marineris and the surrounding 
plateau. 
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Figure 2.2 Profiles of topography and modeled uplift (a) and observed and modeled 
gravity (b). The location of the profiles is indicated in Figure 1.  
 




In chapter 2, I demonstrated that the present-day observed topography and free-air 
gravity anomaly of Valles Marineris can be reasonably explained by the flexural uplift due to 
sediment erosion and unloading. This result has important implications for the subsequent 
tectonic evolution. The predicted flexure induces additional stresses in the region around Valles 
Marineris, and in this chapter I calculate these associated stresses and present tectonic evidence 
of the resultant stress regime. 
 
3.1 Model 
To model the stresses that result from erosion-driven uplift, I used the equations for 
stresses in a thin elastic shell for long-wavelength loads developed by Banerdt [1986]. In this 
model, five equations relate the vertical displacement (w), geoid anomaly at the base of the crust 
(Gc), vertical load (q), horizontal load potential (Ω), crustal thickness variations (δc), and mantle 
density anomaly (δm). Assuming compensation by a combination of flexure and Airy isostasy 
(δm=0), the system is evenly determined, and the stresses can be calculated. The state of stress is 
fully determined by the radial load (q), the predicted vertical displacement (w) and the horizontal 
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where R is the radius of the shell, c is the mean crustal thickness, Δρ = ρm-ρc, δc is crustal 
thickness variation, and the rest of the variables are as defined in Table 2.1. With these three 
quantities, the scalar load potential, A, can be calculated by 
 
€ 
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f l +1−ν . 
(3.6) 
In equations (3.3) through (3.6), fl is the Laplacian operator in the spherical harmonic domain 
(
€ 
∇2nYlm (θ,φ) ≡ ( f l )
nYlm (θ,φ) = [−l(l +1)
n ]Ylm (θ,φ)), and D is the flexural rigidity (ETe
3/12(1-ν2)). 
By calculating the stresses on the free surface, it is assumed that the vertical stress is zero, and 
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 Once the horizontal stresses have been found using equations (3.2) through (3.15), the 
stress tensor can be diagnolized to find the principal stress components. I use the convention that 
positive stresses are tensile, with σ1>σ2>σ3.  
3.2 Results 
Qualitatively, one would expect extensional stresses at the surface within the center of 
uplift resulting from the convex bending of the lithosphere and compressional stresses outside 
this zone. The results of the stress modeling, shown in Figures 3.1 and 3.2, are consistent with 
this expected pattern. The three model cases predict different magnitudes and spatial 
distributions of stresses. The larger flexural uplifts and free-air gravity anomalies predicted by 
the model for thinner lithosphere cases also lead to the largest magnitude stress fields. For a 50 
km lithosphere, the model predicts maximum principal stresses of ~148 MPa (Figure 3.1a), 
centered above the central chasmata. For the 100 and 150 km cases, the maximum stresses are 
127.5 and 91.5 MPa, respectively (Figure 3.1b-c). 
For the 100 and 150 km cases, the stress is distributed in a broad, long-wavelength 
pattern that mimics the distribution of flexure in Figure 2.1. This long-wavelength distribution 
results in a low stress gradient, such that the stress values decrease by 50% at a distance of 400 
km to the north or south of the troughs. The 50 km model, however, is better characterized by a 
short-wavelength pattern of stresses, which results in a much faster decrease in stress values 
away from the troughs. In this case, stresses decrease by 50% within about 200 km. 
Figure 3.2 shows the orientation of the modeled principal stress vectors. All three model 
cases predict both horizontal principal stress vectors to be tensile over the main central troughs 
and Eos Chasma, both regions that experience the most flexural uplift. Within this zone, the  
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Figure 3.1 Maximum (σ1, tensile) (a, c, and e) and minimum (σ3, compressional) (b, d, 
and e) principal stress magnitudes for three different elastic lithosphere thicknesses.  
 
most tensile principal stress vectors are approximately radial to the center of the uplift. Beyond 
the central tensile stresses, Valles Marineris is surrounded by a zone of weaker compressive 
circumferential stresses, which rotate to a radial orientation further outward. The 50 km model 
also includes a second zone of tensile stresses that surround the trough complex, but the 
magnitude of the stress in this region is small, and this zone disappears in the more realistic 100 
km case. In these more distal regions, it is likely that competing regional stress fields would 
overwhelm the weak stresses arising from the flexural uplift of the troughs, as discussed in the 
next section. 
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Figure 3.2 Stress results for the flexure model for three different elastic lithosphere 
thicknesses. Lines show the orientation of principal component stress vectors. Bold lines 
indicate compression (σ3), while light lines indicate extension (σ1). Colored base map 
shows model topography.  
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The modeling presented in this chapter shows the change in stress that resulted from 
sediment unloading, but the actual stress in the lithosphere is far more complicated. The regional 
stress field at Valles Marineris represents a superposition of stresses from Tharsis loading 
[Banerdt and Golombek, 1990], global cooling and contraction [Turcotte and Schubert, 2001; 
Banerdt et al., 1992], trough-formation [Banerdt et al., 1992; Andrews-Hanna, 2012b], sediment 
deposition and erosion [Haxby and Turcotte, 1976], and flexural uplift arising from that erosion. 
Further from the troughs, these other competing stress fields would likely have dominated.  
However, in and immediately around Valles Marineris, the strong flexural stresses from 
unloading and uplift should have out-competed the lower-magnitude and longer-wavelength 
regional stresses, and thus should determine the orientation of late-stage faults formed after the 
erosion of the ILDs.  This hypothesis will be tested in section 4 using the orientations of faults in 
and around the troughs, but first I will discuss the results presented thus far in the context of 
previous analyses. 
 
3.3 Discussion and Relation to Earlier Studies 
Several earlier studies have also addressed loading and flexure at Valles Marineris.  
Banerdt and Golombek [2000] used the present-day gravity and topography of Mars to solve for 
the required combination of surface and subsurface loads and the flexure of the lithosphere that 
would result.  That study interpreted the flexural extension at Valles Marineris as representing 
the cause of trough formation.  However, flexure can cause extension of only the upper half of 
the lithosphere, which is balanced by compression in the lower lithosphere.  It would be difficult 
to form troughs of the size and depth of Valles Marineris through modest extension of the upper 
lithosphere only.  I argue instead that the flexural stresses and strains predicted based on the 
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present-day gravity and topography were generated in response to the erosion of the ILDs.  This 
will be supported in the next section by the close agreement between the predicted stress 
directions and the orientations of a multitude of small faults that post-date Valles Marineris 
located in and around the troughs. Regardless of the timing, this work shows that the extensional 
strains predicted by Banerdt and Golombek [2000] are a result of the mass deficit associated with 
the troughs and could not have contributed to trough formation. 
More recent studies approached this problem in the spectral domain by computing the 
admittance between the gravity and topography coefficients, and comparing it to admittances 
predicted by various lithospheric loading models. McGovern et al. [2002; 2004] compared 
observed admittances at Valles Marineris to simple flexure models that included top loads 
(topography) and, in some cases, bottom loads as well. They found that Valles Marineris is best 
fit by models that include significant subsurface loads and a thick elastic lithosphere (generally 
greater than 80 km). They interpret the subsurface loads as dense mafic dikes, consistent with the 
intrusions inferred to underlie the abundant collapse structures around the troughs [Mege, 2003]. 
Beuthe et al. [2012] modeled the same scenario at a higher resolution with consistent results. The 
best model fits from that study included large lithosphere thickness values (~80 – 120 km), and 
significant subsurface loads at central and western Valles Marineris.  
In this thesis, I interpret the gravity and topography in the context of a model of the 
erosion of trough-filling ILDs [Andrews-Hanna, 2012c; Davis and Andrews-Hanna, 2011]. 
Beuthe et al. [2012] modeled this scenario as well, in what they called the top/top loading model, 
in which top loading occurred in two distinct phases. The first load was the topography of Valles 
Marineris filled with sediments, and the second load was the flexural uplift, similar to the model 
here. Their results showed that the observed admittance is fit better by this top/top model than by 
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top and bottom loads applied simultaneously with a single lithosphere thickness. This supports 
the assertion that the observed gravity and topography is best explained by flexural uplift, and 
that the predicted thick lithosphere values are indicative of post-trough formation uplift due to 
sediment erosion. However, I suggest that the thin lithospheres (<20 km) required by that study 
during trough formation actually represent tectonic weakening of a faulted lithosphere, rather 
than thermal weakening of the lithosphere during the Early Hesperian.  The latter interpretation 
is inconsistent with the thick lithosphere required to support Tharsis during the Noachian 
[Phillips et al., 2001], and the thick lithospheres required to support the Tharsis Montes 
volcanoes and Olympus Mons at the same time [Beuthe et al., 2012; McGovern et al., 2002; 
2004; Isherwood et al., 2013]. 
The work presented here differs from these earlier studies in that I assumed the crust-
mantle boundary was flat prior to flexural uplift.  Any preexisting relief at the end of trough 
formation but prior to ILD erosion would have an impact on the total flexure and resultant 
stresses.  As discussed earlier, the gravity-topography ratio of the troughs suggest that they are 
largely uncompensated. The present-day relief of the crust-mantle boundary can be better-
constrained through crustal thickness modeling, but this method comes with its own set of 
limitations. This approach is heavily dependent on the gravity data, and Valles Marineris is at the 
limit of the resolution of current spherical harmonic gravity models, as clearly indicated by the 
incomplete expression of the narrower troughs in the gravity.  My approach effectively isolates 
the stresses generated by ILD erosion and uplift from possible flexural stresses that could have 
been generated during the formation of the troughs if they did not maintain perfect isostasy.  The 
subsurface loads associated with trough formation would be similar in distribution to the eroded 
ILDs, and thus their inclusion would only result in a minor change to the magnitudes of the 
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stresses but not the orientations.  Thus, these results are directly applicable to interpreting the 
tectonic history of the young ILDs, but may under- or overestimate the stresses in the 
surrounding plateau. 
This work is complimentary to earlier studies by focusing on the pattern of flexural uplift 
observed in profiles of the gravity and topography in the spatial domain.  My best-fit lithosphere 
thicknesses of 100 and 150 km, based on matches to the observed flexural topography, are 
consistent with these previous analyses using gravity-topography admittance.  In the next 
section, I build on this earlier body of work by relating the stresses from this flexural uplift to the 
tectonic record in and around the troughs. 
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CHAPTER 4 
IMPLICATIONS FOR TECTONISM IN AND AROUND VALLES MARINERIS 
 
 I will now relate the stresses predicted from flexural uplift due to sediment erosion to the 
structures observed in the tectonic record in and around the trough complex. 
 
4.1 Tectonic Structures Outside of Valles Marineris 
The 100 and 150 km models both predict tensile stresses oriented perpendicular to the 
northern and southern scarp walls of Ophir and Melas Chasmata. As a result, one would expect 
to see extensional tectonic features that parallel these boundaries. South of Melas Chasma, the 
Nia Fossae, shown in Figure 4.1, constitute a set of such features. These graben are hundreds of 
km in length, 1 to 2 km wide, and arcuately shaped, roughly paralleling the southern border of 
Melas Chasma out to a distance of 100 km. The Nia Fossae cross-cut a perpendicular set of 
Tharsis-concentric wrinkle ridges, suggesting that the Fossae are younger features that formed 
during the Noachian and Early Hesperian, sometime after the Stage 1 and 2 tectonism related to 
Tharsis loading and the formation of Valles Marineris itself [Anderson et al., 2001]. Geologic 
maps of the region have the Nia Fossae dated as Hesperian [Witbeck et al., 1991]. The arcuate 
morphology of the Nia Fossae is important in that it indicates that these graben are not part of the 
Tharsis-radial graben set that dominate the area (which tend to be consistently linear), and likely 
formed in response to a separate stress regime.  
The young age of these graben and their curvilinear shape is consistent with the predicted 
tectonism due to erosion-driven uplift. Witbeck et al. [1991] suggested that the Nia Fossae  
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Figure 4.1 THEMIS daytime IR image of the Nia Fossae south of Melas chasma. Image is 
centered at -14.2°N and 287.8°E. 
 
formed as a result of gravity sliding of the plateau edge into the canyon, but a stress analysis of 
lateral unloading of the graben on nearby Ophir Planum suggests that the Nia Fossae graben are 
likely too far away from the canyon edge for this to be the case [Schultz, 1991]. It is possible that 
gravitational sliding and flexural uplift could have both contributed, with the faults formed by 
the flexural stresses providing planes of weakness to enable the sliding.  However, given the 
strong agreement of the location and orientation of the fossae with the model predictions, the 
simplest explanation is that Nia Fossae formed as a result of flexural uplift from the erosional 
unloading of the troughs. 
North of Ophir Chasma, an unnamed set of graben within 30 km from the trough wall are 
also consistent with the model results (Figure 4.2). These graben are also typically 1 to 2 km 
wide, but they are much shorter than the Nia Fossae, typically just 10 – 20 km in length. They 
are not arcuately shaped liked the Nia Fossae graben, but their orientations rotate so as to follow 
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the same pattern as the stress vectors. In places, these graben strike at high angles to the irregular 
trough wall, arguing against a simple gravitational sliding origin.  
 
Figure 4.2 THEMIS daytime IR image of extensional tectonic features north of Ophir 
chasma. Image is centered at -2.72°N and 287.9E. Arrows indicate some of the graben 
whose orientations are consistent with the stress modeling 
 
4.2 Tectonics of the Interior Layered Deposits 
In addition to looking for evidence of the modeled stress regime in large-scale features 
around the periphery of the canyon complex, one can also look at the structure of the ILDs as 
well. The ILDs should exhibit a simpler tectonic history than the surrounding plateau since they 
post-date the formation of the troughs. The greatest stresses arising from the erosional unloading 
of the canyons is predicted to occur within the troughs for all lithosphere thicknesses. I now 
compare my model results to the detailed structural analysis of faults and fractures observed in 
images of Ceti Mensa from the High-Resolution Imaging Science Experiment (HiRISE) camera 
[Okubo et al., 2010]. Ceti Mensa is a large mound of ILD material in western Candor Chasma 
that rises almost to the surface of the present-day canyon rim. The study mapped a large number 
of normal faults, thrust faults, joints, and folds in the ILDs. Within the area analyzed by Okubo et 
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al. [2010], the stress model for a 100 km lithosphere thickness predict that extensional features 
associated with erosion-driven uplift should strike between 16°E and 30°E (average 22°E). For 
the 150 km case, the model predicts strikes between 19°E and 30°E (average 24°E). The normal 
faults mapped by Okubo et al. [2010] exhibit a wide range of strikes and dips, but several distinct 
clusters exist (Figure 4.3a, adapted from Figure 3 in Okubo et al. [2010]). The largest group of 
normal faults (clusters 1 and 2) strike at 63° ± 11°E, which does not match the predictions for 
flexural uplift of the troughs. The second largest group of faults (clusters 3 and 4), however, 
strike at 11 ± 21°E, lying directly within the range of strikes predicted by the model for flexural 
uplift of the trough.  
 
Figure 4.3 (Part of Figure 3 from Okubo et al. [2010]) Lower-hemisphere equal-area 
stereographic projections of poles to (a) normal fault planes and (b) joints. Circles and 
squares differentiate features from two different HiRISE images of Ceti Mensa. The star 
represents the interpreted orientation of trough-forming normal faults predicted by 
Schultz and Lin [2001]. Shaded, numbered circles represent clusters of similarly oriented 
features (see text for details). 
 
Further, σ3 is zero within the troughs (Figure 3.2), and so both horizontal stress 
components are tensile, with σ2 oriented perpendicular to σ1. The magnitude of σ2 ranges from 
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16-26 MPa for lithosphere thicknesses of 50-150 km, which exceeds the tensile strength of 
common Martian rocks [Tanaka and Golombek, 1989].  However, these tensile stresses would be 
reduced somewhat by the release of the σ1 stress and associated compression in the 
perpendicular directions. As a result, one would expect to see extensional structures oriented 
perpendicular to each other. Kattenhorn et al. [2000] documented a similar situation at Arches 
National Park, where mutually perpendicular joints and normal faults formed in response to the 
same homogeneous stress field. The joints mapped by Okubo et al. [2010] (Figure 4.3b) are less 
varied than the normal faults, with 22 out of 25 joints (88%) in a cluster with a mean strike of 
99±19°E oriented perpendicular to the strikes of the normal faults in Clusters 3 and 4. Together, 
there is a significant agreement between the results presented here and the structures mapped by 
Okubo [2010]. The cluster of normal faults striking 12±21°E matches the predicted fault 
direction of 22-24°E perpendicular to σ1, while the main population of joints striking 99±19°E 
matches the predicted orientation of 112-114°E perpendicular to the σ2 direction.  
The orientations of extensional features predicted by the flexural uplift stress model are 
in agreement with other structural analyses as well. Fueten et al. [2008] mapped structures in 
Ceti Mensa east of the Okubo [2010] study and saw two dominant orientations of faults and 
fractures – ~120°E and ~40°-70°E. The modeled stresses presented here for both the Te = 100 
and 150 km cases predict extensional features perpendicular to σ1 to strike at an average of 35°E, 
while features perpendicular to σ2 should strike at an average of 125°E. These orientations agree 
with the orientations of faults and fractures observed by Fueten et al. [2008]. Further, Birnie et 
al. [2012] mapped structures in several HiRISE images of Ceti Mensa and saw fault and fracture 
orientations that are consistent with the results of both the Okubo [2010] and Fueten et al.  
[2008] studies, as well as the predicted orientations presented here. All of these analyses 
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observed structures that are inconsistent with the flexural uplift model results as well, indicating 
a complex history of tectonism, but the fact at least a significant fraction of them are in 
agreement suggests that these flexural stresses did, indeed, dominate at some point. 
Structural mapping of the ILDs indicates a clearly complicated and protracted tectonic 
history [Okubo, 2008, 2010; Birnie et al., 2012; Fueten et al., 2008]. A significant fraction of the 
normal faults mapped by Okubo [2010] exhibit a distinctly different strike of 63±11°E.  A 
number of thrust faults and folds are also observed.  These faults and folds require stress fields 
different from the normal faults and joints discussed above.  These other faults and folds may be 
related to landsliding of the ILDs as suggested by Okubo [2010].  Although the ILDs would not 
have been subjected to the complex and time-varying stresses that preceded Valles Marineris 
formation and are documented in the faults on the surrounding plateau, a number of other 
sources of late-stage stress exist.   
One such source of stress arises from the sediment deposition and erosion itself. During 
deposition, the overburden pressure causes horizontal tensile deviatoric stresses while the 
increase in temperature upon burial as a result of the geothermal gradient will produce 
compressional stresses [Haxby and Turcotte, 1976]. The subsequent release of overburden 
pressure during sediment removal, however, would induce compressional stresses, and the 
resultant temperature decrease upon exhumation will cause tensile stresses [Haxby and Turcotte, 
1976].  
Following Haxby and Turcotte [1976], the stress due to the unloading of overburden 
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where ν is Poisson’s ratio, ρs is the sediment density, g is the gravitational acceleration, zl is the 
thickness of the sediment load removed, E is Young’s modulus, α is the coefficient of thermal 
expansivity, and ΔT is the temperature change. Assuming the same values for the constants given 
in Table 2.1, and minimum and maximum load thicknesses of 1 and 10 km, respectively, 
equation (4.1) suggests that the magnitude of the compressional stresses due to unloading of 
overburden will range between about -6 and -60 MPa.  
For the thermal stress, α is typically in the range of 10-5 K-1 [Haxby and Turcotte, 1976] 
and, assuming a geothermal temperature gradient of 5-14 K/km [Solomon and Head, 1990], ΔT 
would range from roughly -5 to -140 K. With these values, the magnitude of the thermal stress is 
expected to range from 7 to 187 MPa. The compressional unloading stress and extensional 
thermal stress will partially cancel, with the extensional thermal stress likely being of greater 
magnitude. These stresses are in addition to the extensional stresses due to flexural uplift, and so 
it is clear that tensile stresses will dominate at the latest stages. The tensile thermal stresses 
would add a uniform tensile stress to the flexural stresses predicted above, which would not 
change the predicted fault orientations.  These added thermal stresses may have played a key role 
in the formation of the joints orthogonal to the flexurally-driven normal faults.  
The substantial number of faults and folds that trend obliquely to the model predictions 
require some additional source of stress.  The irregular erosion of the ILDs into their current 
mound configuration would have resulted in non-isotropic stresses from unloading and thermal 
contraction, which could have interfered with the flexural stresses.  Depending on the rate of 
erosion relative to the timescale of the flexural uplift (limited by the viscous response time of the 
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mantle) and the thermal diffusion timescale, there may have been an evolving balance between 
the flexural stresses and the thermal stresses.   
Although the specific sequence of trough formation, sediment deposition, and sediment 
erosion is unknown, it has been suggested that the deposition of the ILDs played an important 
role in trough formation, and thus formed contemporaneously with the subsidence of the trough 
floors [Andrews-Hanna, 2012c].  In this scenario, significant syn-depositional tectonism in the 
ILDs would be expected, consistent with the interpretations of Fueten et al. [2008].  In the 
unique tectono-sedimentary environment of Valles Marineris, the manifestation of this may be 
different from the expected growth folds that were found to be lacking by Okubo [2010].  This 
may have contributed to the formation of the other populations of faults and folds found in the 
ILDs. 
It is noteworthy that the normal faults and joints are young structures, some of which may 
have been active in the geologically recent past [Okubo, 2010].  This seems at odds with the 
dominance of volcanic and tectonic activity of Tharsis during the Noachian [Phillips et al, 2001; 
Anderson et al., 2001].  Erosion of the ILDs and the associated flexural uplift provides a simple 
mechanism for driving continued faulting of the ILDs to the present day.  The young surface of 
the ILDs [Witbeck et al., 1991] indicates that erosion has been ongoing, even to the present day.  
Although erosion rates are low under current martian atmospheric conditions [Golombek et al., 
2006], this still provides a gradual and continual source of stress through the combination of 
flexural uplift and thermal stresses.  
 Most of the features mapped by Okubo [2010], Fueten et al. [2008], and Birnie et al. 
[2012] that match the model predictions trend roughly parallel to the main trough boundaries, 
and so one could argue that these faults were not controlled by flexural uplift, but rather by the 
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stresses involved in trough formation itself. Okubo [2010] argues against this possibility based 
on the inconsistency between mapped fault orientations and the inferred orientation of trough-
bounding faults. Significantly, more evidence of flexural control is seen in fractures on the other 
side of Candor Chasma, where the flexural stress vectors trend at higher angles to the chasma 
border faults. In HiRISE image PSP_00152_1735 (Figure 4.4), bedding planes can be seen 
trending SW-NE across most of the lower portion of the image. Cutting obliquely across these 
planes is a collection of narrow, deep grooves within surface rock units (arrows Figure 4.4) that I 
interpret as tension fractures [e.g., Schumm, 1974]. Three of the most prominent fractures were 
traced for about 500 m, and were found to be striking 122°E. These observed orientations match 
the modeled stresses due to flexural uplift, which predict extensional features in this area to 
strike 111°E and 116°E for the 100 and 150 km lithosphere cases, respectively. This match 
indicates that the agreement between the models presented in this thesis and observed tectonic 
structures is not limited to small, isolated regions.  
Given the large magnitude of stresses due to flexural uplift and the temperature change, 
as well as the agreement between the predicted orientations and mapping results of Okubo 
[2010], Birnie et al. [2012], and Fueten et al. [2008], I suggest that a significant fraction of the 
tectonic structures within the ILDs can be explained by the flexural uplift due to sediment 
removal. Although other sources of stress exist, at some point flexural stresses from the erosional 
unloading of the troughs would have dominated.  
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Figure 4.4 Subset of HiRISE image PSP_001522_1735 showing a detailed image of ILD 
in eastern Candor Chasma. Joints (black arrows) strike approximately 122°E. 
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CHAPTER 5 
DISCUSSION AND CONCLUSIONS 
 
I have shown a strong agreement in the spatial domain between the observed gravity and 
topography and those predicted to result from the erosion of the Valles Marineris ILDs. Further 
support for the idea that the troughs formed sediment-filled and that flexural uplift was driven by 
sediment erosion is seen in the tectonic record of the terrain outside the troughs and within the 
ILDs. If the ILDs formed in their current mound-shaped morphology and post-dated the 
formation of the troughs, then the large flexural stresses predicted by this modeling would not be 
expected within these deposits.  The strong agreement between the model predictions and a large 
population of normal faults and joints within the ILDs clearly indicates that these deposits 
existed at the time of the flexural uplift, which is most easily accounted for if the uplift occurred 
in response to the erosion of previously trough-filling ILDs. 
Through cross-cutting and superposition relationships, Okubo [2010] established that the 
oldest and youngest features within the Interior layered deposits are the folds and joints, 
respectively. While absolute ages cannot be determined, these relative ages are consistent with 
the deposition and erosion of the deposits, respectively. Emplacement of overburden may have 
generated the compression needed to form the old folds, while aeolian processes are still active 
today, which means that flexural processes could still be being driven by erosion causing the 
observed joints to form in the process. 
Significant agreement is also found between the model predictions and some of the faults 
in the plateau surrounding Valles Marineris. The consistency between model predictions and the 
orientations of the graben at Nia Fossae, north of Ophir Chasma, and southwest of Echus 
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Chasma support this hypothesis, as does the orientation of normal faults and joints within the 
ILDs.  However, the history of loading and tectonics in the western hemisphere of Mars is 
incredibly complex, and a detailed structural analysis would be necessary to establish a definitve 
causal link between the observed tectonics and the results of this modeling. Future work may be 
able to use detailed reconstructions of the tectonic history of both the plateau surrounding Valles 
Marineris and the ILDs to better constrain the sequence of events in the formation and 
modification of the troughs.  Nevertheless, the stresses predicted due to flexure are large in 
magnitude and would have likely dominated the regional stress field after the erosion of the 
ILDs.  
Taken together, these results suggest that late-stage erosion and the resultant flexural 
uplift and tectonism was an important event in the formation and evolution of Valles Marineris. 
While several studies of Tharsis and Valles Marineris have focused on either modeling large-
scale geodynamic processes or mapping smaller-scale geologic features, the work presented in 
the this thesis represents one of the first studies to attempt to link these seemingly disparate 
analyses. Given these results, I propose that future structural studies of the ILDs consider these 
flexural uplift stresses in addition the trough-forming and other competing regional stresses. 
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Spherical harmonics are a set of orthogonal basis functions on the surface of a sphere that 
are solutions to Legendre’s equation. Therefore, for quantities that exist as a function of latitude 
and longitude, it is convenient to represent them as a linear combination of spherical harmonics, 
since this allows two-dimensional equations in the spatial domain to be reduced to a set of 
relations between the scalar spherical harmonic weighting coefficients. Any real, square-
integrable function f(θ,ϕ), where θ and ϕ are the colatitude and longitude coordinates, can be 
expanded in spherical harmonics as 
 
€ 









Where Ylm is a spherical harmonic function of degree l and order m, and flm is the corresponding 
scalar weighting coefficient. Here, standard geodesy conventions are used, and the basis 




P lm (cosθ)cosmφ for m ≥ 0







P lm  is the normalized associated Legendre polynomial given by 
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δ0m is the Kronecker delta function, and Plm is the unnormalized associated Legendre polynomial, 
defined by Rodrigues’ formula as 
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€ 
Plm (x) = (1− x















In the standard geodesy convention, the spherical harmonic functions are normalized such their 
integrated power over the sphere is 4π: 
 
€ 
Ylm (θ,φ)Yl 'm ' (θ,φ)
φ











f (θ,φ)Ylm (θ,φ)sinθdθdφφ∫θ∫  (A7) 
 
